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ABSTRACT 

During the CD4 CD8" (DN) stage of T-cell develop- 
ment, RAG-dependent DNA breaks and V(D)J re- 
combination occur at three T-cell receptor (TCR) 
loci: TCRp, TCRy and TCR<5. During this stage, 
abnormal trans-rearrangements also take place 
between TCR loci, occurring at increased frequency 
in absence of the DNA damage response mediator 
ataxia telangiectasia mutated (ATM). Here, we use 
this model of physiologic trans-rearrangement to 
study factors that predispose to rearrangement 
and the role of ATM in preventing chromosomal 
translocations. The frequency of DN thymocytes 
with DNA damage foci at multiple TCR loci simultan- 
eously is increased 2- to 3-fold in the absence of 
ATM. However, trans-rearrangement is increased 
10000- to 100000-fold, indicating that ATM 
function extends beyond timely resolution of DNA 
breaks. RAG-mediated synaptic complex formation 
occurs between recombination signal sequences 
with unequal 12 and 23 base spacer sequences 
(12/23 rule). TCR trans-rearrangements violate this 
rule, as we observed similar frequencies of 12/23 
and aberrant 12/12 or 23/23 recombination 
products. This suggests that trans-rearrangements 
are not the result of trans-synaptic complex forma- 
tion, but they are instead because of unstable cis 
synaptic complexes that form simultaneously at 
distinct TCR loci. Thus, ATM suppresses trans-re- 
arrangement primarily through stabilization of DNA 
breaks at TCR loci. 



INTRODUCTION 

DNA double-strand breaks (DSBs) are the most hazard- 
ous type of lesion encountered by the genome because of 
their susceptibility to potentially oncogenic mutations. To 
prevent genomic instability, a highly efficient DNA 
damage response (DDR) has evolved to facilitate the rec- 
ognition and repair of DSBs. V(D)J recombination in 
developing lymphocytes assembles the genes encoding 
the variable domain of the antigen-specific T-cell 
receptor (TCR) and immunoglobulin receptors from 
discontinuous V, D and J gene segments. This process is 
tightly regulated and occurs only at specific loci dur- 
ing precise stages of lymphocyte development. The 
complex of recombination-activating gene proteins 
RAG-1 and RAG-2 (hereafter referred to as RAG) 
binds to specific recombination signal sequences (RSSs) 
flanking each V, D and J gene segment and introduces 
transient DSBs that activate the DDR pathway 
and are repaired by the non-homologous end-joining 
apparatus (1). 

The RSS is composed of a gene-proximal heptamer and 
gene-distal nonamer, both of which are well conserved 
between gene segments, as well as a non-conserved 
spacer sequence of either 12 or 23 bp. Through inter- 
actions between RAG heterodimers bound to RSSs of 
unequal spacer length (known as the 12/23 rule), two 
gene segments are brought together in a synaptic 
complex, and the DNA is cleaved in a RAG-dependent 
manner (2-4). During T lymphocyte development, three of 
the four TCR loci (TCRp, TCRy and TCR5) undergo 
rearrangement in CD4/CD8 double negative (DN) stage 
3 (DN3) cells (5), whereas TCRoc recombination occurs in 
the subsequent CD4/CD8 double positive stage. 
Importantly, it has not been determined whether 



*To whom correspondence should be addressed. Tel: +1 301 451 2103; Fax: +1 301 496 0887; Email: bowense@mail.nih.gov 
Published by Oxford University Press 2013. 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 



4536 Nucleic Acids Research, 2013, Vol. 41, No. 8 



RAG-dependent breaks and rearrangement occur simul- 
taneously at multiple loci in individual DN3 cells. 

The DSBs induced by RAG during lymphocyte devel- 
opment activate the PI3-like kinase ataxia telangiectasia 
mutated (ATM). The importance of ATM in maintaining 
the efficiency and fidelity of V(D)J recombination is 
evidenced by the gross chromosomal abnormalities 
associated with antigen receptor loci in ATM—/— mice 
and in human patients with ataxia telangiectasia (AT), 
an inherited disorder caused by homozygous mutation 
of the ATM gene (6-8). Two of these abnormalities, first 
observed in peripheral T cells from human AT patients, 
were translocations involving chromosome 7 (where the 
TCR(3 and TCRy loci are located) and chromosome 14 
(where the TCRoc/5 locus is located) (6,9). Both of these 
abnormal events represent authentic joints between two 
different TCR loci and are called ^^-rearrangements 
(9-12). During V(D)J recombination in mice, ATM defi- 
ciency results in a dramatic increase in improper coding 
end-signal end rearrangements (referred to as hybrid 
joints), further suggesting that ATM plays a role in 
stabilizing RAG-DNA complexes (13,14). ATM is a 
multifunctional molecule involved in the physical stabil- 
ization of broken DNA ends, recruitment of repair factors 
to allow rapid resolution of DSBs and activation of 
effector molecules involved in cell cycle checkpoint main- 
tenance and apoptosis (15). ATM has also been implicated 
in the spatial separation of rearranging antigen receptor 
loci within the interphase nuclei of developing lympho- 
cytes (16). The relative importance of each of ATM's 
distinct functions in suppressing chromosomal aberrations 
is not well understood. Here, we have used TCR trans- 
rearrangements as a model to study the relative contribu- 
tions of ATM's multiple functions in the prevention of 
chromosomal translocations. 

We demonstrate that ATM—/— mice have an increased 
frequency of TCRP/TCRy ^^-rearrangement in DN2/3 
thymocytes, and that these /ra/^-rearrangements persist in 
mature peripheral T cells. Using combined immunofluor- 
escence/fluorescent in situ hybridization (ImmunoFISH), 
as well as 3D FISH, we show simultaneous DNA DSB 
break foci at TCRP, TCRy and TCRoc/5 loci in individual 
DN2/3 thymocytes from wild-type (WT) and ATM-/- 
mice. The increased temporal coincidence of DNA break 
foci, but not changes in spatial subnuclear localization, 
corresponds with the increased incidence of ^^-re- 
arrangements in ATM-deficient thymocyte precursors. 
Strikingly, however, we find that although ATM defi- 
ciency results in a modest 2-fold increase of 53BP1 
DNA damage foci at any TCR locus and a 3-fold 
increase in the number of cells with 53BP1 foci at two 
or more TCR loci, the frequency of ^ra^-recombination 
is dramatically increased 10 000- to 100 000-fold. The 
function of ATM in suppressing chromosomal transloca- 
tions thus seems to extend beyond the timely resolution of 
DNA breaks. We in fact find that many combinations of 
^^-rearrangements in vivo do not obey the 12/23 rule, 
suggesting that post-cleavage DNA breaks are particularly 
unstable in the absence of ATM, and that recombination 
occurs between unstable DNA ends rather than 
RAG-dependent synapsis in trans between two different 



loci. ATM thus functions to protect antigen receptor loci 
from abnormal recombination both by facilitating the 
timely repair of DNA breaks, and to an even greater 
extent by physically stabilizing DNA ends after RAG- 
mediated cleavage. 

MATERIALS AND METHODS 

Mice 

ATM—/— mice were generated through a mutation of the 
ATM gene at nucleotide 5790 resulting in a truncation of 
the protein (17). ATM+/— breeders were used to generate 
ATM—/— progeny, as well as ATM+/+ littermates that 
were used as WT control mice. All analyses were done at 
age 6-12 weeks. Animals were maintained at Bioqual 
(Rockville, MD, USA), and all procedures were 
approved by the National Cancer Institute Animal Care 
and Use Committee. 

Cell purification 

DN2/3 thymocytes were flow sorted by gating on thymo- 
cytes negative for the following biotinylated lineage- 
specific antibodies: TCR(3 (H57-597), CD4, CD8, B220, 
natural killer 1.1, MAC1, GR-1 and GL3 (BD 
Biosciences, San Jose, CA, USA) and positive for CD25 
(BD Biosciences). Each DN2/3 sample was prepared from 
a pool of five to eight mice of each genotype. Peripheral T 
cells were flow sorted by gating on B220— , TCRP 
(H57-597)+ splenocytes. Each peripheral T-cell sample 
was prepared from one individual mouse. All sorting 
was done on a FACSAria cell sorter (BD Biosciences, 
San Jose, CA, USA). 

Standard polymerase chain reaction analysis of TCR 
^raws-rearrangement 

Genomic DNA was purified from sorted DN2/3 thymo- 
cytes and peripheral T cells using a DNeasy Blood and 
Tissue Kit (Qiagen, Valencia, CA, USA). The following 
primers were used to amplify Vy-J(3 /raws-rearrangements : 
GV2F 1 ; 5 / -AAAATGGAGGCAAGTAAAAATCC-3 / , 
3Jblb; 5 / -TAGGTTTACAACACACCCTCCCGAG-3 / , 
3Jb2; 5 / -CCAGGAATTTGGGTGGAAGCGAG-3 / . 
Reactions for Vy2-J(3 ^^-rearrangements were per- 
formed on 100, 20 and 4ng of genomic DNA. The follow- 
ing primers were used with GV4F1 to amplify D[3-Vy2 
^^-rearrangements: 5DMSE; 5'-GGTAAAGAGGAA 
ACCCCTGCATTAGC-3', 5Db2SE; 5'-TGCCACCTGG 
TCTCCCTGCCCCTG-3'. To amplify Jyl-J(3 ^^-re- 
arrangements, the following primer was used with 3Jblb 
and 3Jb2: GJ1R1; S'-TTCCTATGAGCTTAGTTCCTTC 
TG-3'. Reactions for Jy-J(3 and D(3-Vy rearrangements 
were performed on 100 ng of genomic DNA. All polymer- 
ase chain reactions (PCR) were done with JumpStart Taq 
ReadyMix (Sigma, St. Louis, MO, USA). 

Real-time PCR analysis of TCR fra/is-rearrangement 

A 20 cycle pre-amplification reaction was performed using 
GV4F1 and either 3Jblb or 3Jb2. The reaction was diluted 
500-fold and used as a template for real time PCR. GV4F1 
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was used as a forward primer to amplify individual Vy-jp 
rearrangements using the following nested reverse primers: 
BJ1 . 1 Rl ; 5 / -ACTGTGAGTCTGGTTCCTTTACC-3 / , 
BJ2.7R1; 5 / -CTAAAACCGTGAGCCTGGTGC-3 / . Rea- 
ctions were run on a 7900HT Fast Real Time PCR System 
(Life Technologies, Carlsbad, CA, USA) using RT 2 SYBR 
Green qPCR Mastermix (SA Biosciences, Valencia, CA, 
USA), and data were collected and analyzed with SDS 2.3 
software (Life Technologies). Each Vy-J(3 reaction 
was normalized to control amplification on the same 
DNA sample of an invariant non-rearranging region of 

the TCRoc locus (Coc) using the following formula: 
1 .9-ctvg-Jb^ 9 -ctCa The normalized values were 

averaged between five independent experiments, and stat- 
istical significance was calculated using a paired student's 
Mest. Amplification products were verified by dissociation 
curve analysis and gel electrophoresis. 

For the quantitation of 12/12 versus 12/23 ^^-re- 
arrangement, 60 ng of genomic DNA purified from flow- 
sorted DN2/DN3 thymocytes was pre-amplified for 20 
cycles with either GJ1R1 or GV2F1 as a forward primer 
and 3Jb2 as a reverse primer. The pre-amplified product 
was diluted 500-fold for the real-time PCR. The forward 
primers for the real-time reaction were either GJ1R1 or 
GV2F1, and the reverse primer for all reactions was 
BJ2.7R1. To create a standard curve, Jyl-J(32.7 and 
Vy2-J(32.7 ^^-rearrangement sequences were TA 
cloned into the pCR2.1 vector, and the number of mol- 
ecules per volume was calculated from the molecular 
weight of the construct. Ten-fold dilutions starting from 
1 x 10 7 molecules per reaction were used to create the 
standard curve. Linear regression analysis was used to fit 
our experimental values to the standard curve. 

Chromosome painting 

Splenocytes from WT and ATM—/— mice were stimulated 
in vitro with anti-CD3 (2Cll) + interleukin-2 for 48 h. 
Metaphase spreads were prepared by Colcemid (Roche, 
Branchburg, NJ, USA) treatment followed by hypotonic 
(0.075 M KC1) incubation. This was followed by fixation 
in methanol and acetic acid (3:1) before being dropped 
onto Shandon Cytoslides (Thermo Fisher Scientific, 
Rockville, MD, USA) in a humidified chamber. 

Triple color mouse whole chromosome paints were 
generated in-house using PCR labeling techniques. Chro- 
mosome 6 was labeled with Spectrum Orange (Abbott 
Laboratories), chromosome 13 with Dy505 (Dyomics, 
Jena, Germany) and chromosome 14 with biotin dUTP 
(Roche). 

Hybridization and detection of chromosome-specific 
paints were performed as previously described (18). 
Probes labeled with biotin were detected with Avidin 
Cy5 (Jackson Immuno Research Laboratories, West 
Grove, PA, USA). Imaging was done with a Zeiss Axio 
Imager microscope. More than 1000 metaphases for each 
genotype were detected and imaged using Metafer 
software (MetaSystems, Boston, MA, USA). 

Once imaging was completed, the slides were 
re-hybridized using a previously described protocol (19). 



The slides were denatured at 65°C for 20 s before being 
dehydrated in an ethanol series. 

The second probe combination consisted of the follow- 
ing: 3'-TCR|3 and 5'-TCR|3 probes labeled in Dy505 
(Dyomics Jena, Germany); S^TCRoc/S and S'-TCRoc/S 
probes labeled with Spectrum Orange (Abbott 
Molecular); 3'-TCRy and 5'-TCRy labeled with biotin 
(Roche). Probes were denatured at 80° C for 5 min then 
pre-annealed for 1 h before being applied to the slide for 
overnight hybridization at 37°C. Hybridization and detec- 
tion of chromosome-specific paints were performed as pre- 
viously described (18). Probes labeled with biotin were 
detected with Avidin Cy5 (Jackson Immuno Research 
Laboratories, West Grove, PA, USA). 

Immuno FISH analysis 

Immunoflourescence for DNA damage foci was combined 
with FISH as previously described (20). Slides were 
stained with a rabbit anti-53BPl (Novus) primary 
antibody followed by goat anti-rabbit IgGl conjugated 
to Alexa-568 (Life Technologies). DNA probes labeled 
with dUTPs conjugated to biotin (Roche), digoxigenin 
(Roche) or Cy5 (GE Healthcare, Vienna, VA, USA) 
were denatured and hybridized to the slides overnight at 
37° C. DNA probes were then stained with strep tavidin- 
Alexa 405 (Life Technologies) and anti-digoxigenin 
conjugated to fluorescein (Roche). 

The following BAC constructs obtained from the 
Childrens Hospital of Oakland Research Institute 
(CHORI) were used to generate labeled probes by nick 
translation: 3'-TCR|3; RP24 299 B14, 3 / -TCRoc/y; RP23 
465 17, 3'-TCRy; RP23 306 Gl. Imaging was performed 
on a Zeiss Meta confocal microscope using LSM imaging 
software and Imaris software (Bitplane Scientific 
Software). Co-localization of 53BP1 foci was determined 
by blinded scoring analysis. 

3D FISH analysis of DN2/3 thymocytes 

Cells were prepared and hybridized as previously descri- 
bed (21). DNA probes were labeled with dUTPs 
conjugated to biotin (Roche), digoxigenin (Roche), 
Spectrum Orange (Enzo Life Sciences, Farmingdale, 
NY, USA) or Cy5 (GE Healthcare) and hybridized to 
electronically sorted DN2/3 thymocytes. Imaging was per- 
formed on a Zeiss Meta confocal microscope using LSM 
imaging software. Single cells were isolated from fields and 
imported into the Imaris (Bitplane Scientific Software) 
imaging program, where the center of homogeneous 
mass was calculated for each individual FISH signal. 
Using the x, y and z coordinates obtained, distances 
between spots were calculated using the following 
formula for Euclidian distance in 3D space: 
V(Xl - X2) 2 + (71 - Ylf + (Zl - Z2) 2 where X, Y and 
Z denote the spatial coordinates within the nucleus for 
Spot 1 and Spot 2. 

The following BAC constructs were used to generate 
labeled probes by nick translation: 3 / -TCR(3; RP24 299 
B14, 3 / -TCRoc/5; RP23 465 17, 3'-TCRy; RP23 306 Gl, 
b Actin; RP23 97 Ol (CHORI). 
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In vitro recombination assay 

Artificial recombination substrates were cloned onto a 
cytomegalovirus plasmid and co-transfected along with 
constructs containing RAG1 and RAG2 into HEK293 
cells using Lipofectamine LTX (Life Technologies) and 
incubated at 37°C for 36 h. Cells were harvested and 
plasmid DNA was extracted. The recombined insert was 
PCR amplified using primers specific for the flanking sides 
of the cytomegalovirus backbone. PCR products were run 
on a 1.5% sieving agarose gel and stained with ethidium 
bromide to detect DNA. 



RESULTS 

Jra/is-rearrangement between TCRp and TCRy occurs in 
DN2/DN3 thymocytes 

The DN2/DN3 stage of thymocyte development is unique 
in that RAG-induced DSBs occur during rearrangements 
at this developmental period in three unlinked TCR loci, 
TCRP, TCRy and TCR5. This raises the risk of recombin- 
ation between different rearranging TCR loci, leading to 
chromosomal translocations. Such translocations have in 
fact been described, and they occur at greatly increased 
frequency in lymphocytes from ATM-deficient mice, 
where sensing and repair of DSB is impaired (7,8). 
However, it is not clear whether these translocations 
occur at the time of recombination in DN2/3 cells or at a 
later stage of development because of the impaired reso- 
lution of DSB, as was suggested to happen at the IgH locus 
(22). We explored this question by first probing for the 
existence of ^ra^-rearrangements between TCR(3 and 
TCRy (on mouse chromosomes 6 and 13, respectively), 
two loci known to undergo physiologic recombination 
during the DN2/3 stage (5). We analyzed DN2/3 thymo- 
cytes from WT and ATM—/— mice by quantitative 
real-time PCR with a forward primer specific for the Vy2 
gene and reverse primers for individual J (3 genes within the 
first and second jp clusters (Figure IB). Vy-jp trans-re- 
arrangements were detectable in genomic DNA from WT 
DN2/DN3 thymocytes, and they occurred at a 10000- to 
100000-fold higher frequency in ATM—/— thymocytes. 
Similar results were obtained using standard PCR amplifi- 
cation with a Vy2 forward primer and a reverse primer that 
amplifies the entire jpi or jp2 clusters from serially diluted 
genomic DNA from WT and ATM—/— samples 
(Figure 1A). DNA sequencing of the PCR products con- 
firmed that the ^ra^-rearranged joints resembled bona fide 
V(D)J recombination products with the presence of N nu- 
cleotides at the junctions and small deletions in the coding 
flanks (Supplementary Table SI). These data indicate that 
/raws-rearrangements between TCRP and TCRy occur in 
WT thymocytes, and at much higher frequencies in 
ATM-/- mice, in DN2/DN3 cells at the time when 
these TCR loci normally undergo recombination. 

TCR fra/is-rearrangements are present in peripheral 
T lymphocytes 

It is possible that cells that generate TCR ^ra^-rearrange- 
ments early in T-cell development do not survive thymic 



selection and thus would not be found in the periphery. To 
test this, we isolated genomic DNA from splenocytes of 
WT and ATM—/— mice and performed real-time and 
standard PCR to detect ^raws-rearrangements. Similar to 
what was observed in DN2/DN3 thymocytes, trans-re- 
arrangements involving both jpi and jp2 were clearly de- 
tectable in ATM—/— splenocytes and at significantly 
lower levels in the WT sample (Figure 1C and D). These 
data suggest that not only do ^raws-rearrangements 
between TCRP and TCRy exist in the thymus during 
early T-cell development, but that cells carrying these 
translocations can pass through positive and negative 
thymic selection and exist in the periphery as mature 
T lymphocytes. 

From this PCR analysis, it is not possible to determine 
the absolute frequency of cells carrying ^ra^-rearrange- 
ments in the periphery of WT and ATM—/— mice. To 
analyze the presence of drafts-rearrangements at the 
single-cell level, we used whole chromosome painting of 
WT and ATM—/— colcemid-arrested splenocytes that had 
been stimulated in vitro for 48 h with anti-CD3 and 
interleukin-2. Paints specific for chromosomes 6, 13 and 
14 (the locations of TCRP, TCRy and TCR5, respectively) 
were hybridized to chromosome spreads to assess the in- 
tegrity of these chromosomes. The ATM—/— sample con- 
tained translocations between all three TCR chromosome 
combinations [t(6,13) 0.52% (Figure 2A and E), t(13,14) 
1.04% (Figure 2B and E) and t(6,14) 1.30% (Figure 2C 
and E)], and in some cases, multiple translocations were 
found within a single metaphase (Figure 2D). Both recip- 
rocal and non-reciprocal translocations were observed. A 
total of 2.85% of ATM—/— splenic T cells carried a 
chromosomal translocation consistent with a TCR drafts- 
rearrangement. To verify that the translocation break- 
points were at the TCR loci, the painted metaphases 
were re-hybridized with probes specific for the 5'- and 3'- 
ends of each TCR locus. In all cases, the translocation 
breakpoints corresponded to the TCR loci (Supple- 
mentary Figure SI). No translocations were detected in 
>1000 WT metaphases analyzed. 

DNA break foci occur concurrently at TCRp, TCRy and 
TCR<5 loci in individual DN2/DN3 thymocytes 

It has previously been reported that RAG-dependent 
DNA breaks occur at TCRP, TCRy and TCR5 loci in 
DN2/DN3 thymocytes (5). However, it has not been 
determined whether breaks at multiple loci coexist concur- 
rently in individual DN thymocytes. To address the 
question of whether individual DN2/DN3 thymocytes re- 
arrange multiple TCR loci simultaneously, we used a four- 
color immune FISH approach, which allows visualization 
of DNA damage at specific TCR loci by fluorescence mi- 
croscopy. Immunofluorescent staining for 53BP1, a DDR 
molecule that forms foci at sites of DNA DSBs, was per- 
formed in conjunction with FISH using probes specific for 
the 3'-regions of the TCRP, TCRy and TCR5 loci. Using 
this approach we are able to simultaneously detect the 
three TCR loci, as well as foci formed by 53BP1. We 
analyzed 53BP1 foci because it has been reported that 
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Figure 1. ATM—/— T lymphocytes exhibit an increased frequency of Vy2-jp ^ra^-rearrangement. (A and C) 100, 20 and 4ng of genomic DNA 
from DN2/3 thymocytes or splenic T cells was PCR amplified with primers specific for Vy2 and either the genomic region 3 7 of jpi.4 or the genomic 
region 3' of JP2.7. Products were run on a 1.2% agarose gel and stained with ethidium bromide to visualize DNA. (B and D) Real-time PCR analysis 
of drafts-rearrangements between Vy2 and either jpi.l or JP2.7. Data are a summary of three independent experiments. Statistical significance was 
determined using a student's 2-tailed /-test. *P<0.05. 



such foci remain intact in ATM -deficient cells in contrast 
to others, such as yH2AX (23). 

We found that -12% of sorted WT DN2/DN3 thymo- 
cytes contained at least one 53BP1 focus, indicating the 
presence of DNA damage, and that this percentage was 
increased -2-fold in ATM-/- DN2/DN3 thymocytes 
(Figure 3 A and B). This is consistent with a greater per- 
sistence of DSB in the absence of ATM, as has been pre- 
viously reported (22,24,25). More than 90% of 53BP1 foci 
co-localized with one of the three TCR loci in both WT 
and ATM-/- samples. TCRp, TCRy and TCRy all had a 
similar frequency of co-localization with 53BP1 in WT 
(-4-6% of cells) and ATM-/- (-9-11% of cells) 
DN2/DN3 thymocytes (Figure 3C and D). Analysis of 
Ragl-/- and ATM— /— Ragl — /— DN2/3 thymocytes 
revealed a —10-fold reduction in the frequency of cells 
with 53BP1 foci compared with the WT and ATM-/- 
samples, respectively. None of the 53BP1 foci found in 
the Ragl -deficient samples co-localized with TCR FISH 
signals. This indicates that nearly all of the 53BP1 foci 
present in DN2/3 thymocytes are due to RAG activity, 
and not because of other forms of spontaneous DNA 
damage (Figure 3B). 

A fraction of cells contained 53BP1 foci at multiple 
TCR loci simultaneously, suggesting concurrent V(D)J 



rearrangement. In the WT sample, simultaneous 53BP1 
foci were present at each combination of two TCR loci 
(TCRP and TCRy, TCRp and TCR5, TCRy and TCR5) 
at a frequency of 0.4-0.8% of total cells, whereas in 
ATM—/— cells, this frequency was substantially higher 
at 1.5-2.0% (Figure 4 A and B), again consistent with de- 
fective resolution of TCR-associated DNA breaks in 
ATM—/— T cells. A smaller subpopulation of cells had 
53BP1 foci simultaneously at all three TCR loci (—0.2% in 
WT, -0.65% in ATM-/-) (Figure 4A and B). 

If the three TCR loci rearrange independent of one 
another (with the presence of rearrangement at one 
locus having no effect on the probability of rearrangement 
at the other two), then the presence of rearrangement at 
multiple TCR loci simultaneously in the same cell would 
be due to random coincidence. If this were the case, the 
expected frequency of cells with 53BP1 at multiple TCR 
loci simultaneously can be calculated by multiplying the 
frequency of cells with 53BP1 at one locus (shown in 
Figure 3D) by the frequency of cells with 53BP1 at 
another locus. This calculation gives the frequency of 
cells with 53BP1 at multiple TCR loci that would be 
expected if the probability of rearrangement was com- 
pletely independent for each locus. Figure 4B shows the 
calculated expected frequency (black horizontal lines) of 
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Figure 2. Tra^s-rearrangements result in chromosomal translocations in ATM—/— T cells. Splenic T cells from WT and ATM—/— mice were 
stimulated in vitro with an antibody to CD3 (2C11), and metaphases were prepared. Chromosomes 6, 13 and 14 were hybridized with whole 
chromosome paint. Translocations were detected in the ATM—/— samples between chromosomes 6 and 13 (A), 13 and 14 (B) and 6 and 14 (C), 
and the frequency was determined (E). Some metaphases carried multiple translocations (D). No translocations were detected in the WT sample. 
Data are representative of two independent experiments in which >1000 metaphases were scored for each genotype. 



simultaneous 53BP1 foci at each combination of TCR 
loci, against the observed frequency shown by the histo- 
gram bars. In all cases, the observed frequency of simul- 
taneous rearrangement in both WT and ATM—/— cells 
was 1.5- to 2-fold greater than the expected frequency 
(significance at <0.0001 by x 2 analysis), suggesting that 
rearrangement is more likely to be initiated at a given 
locus in cells where rearrangement is already ongoing at 
another locus than in cells where it is not (Figure 4B). This 
could reflect heterogeneity within the DN2/DN3 popula- 
tion in terms of locus accessibility or RAG expression, 
resulting in a subset of cells more likely to undergo recom- 
bination than others. 

TCR loci do not exhibit subnuclear proximity in 
DN2/DN3 thymocytes 

It has been reported that loci prone to chromosomal 
translocations tend to occupy the same subnuclear space 
as their translocation partner in cell types in which they 
occur (26-28). Using a 3D FISH (3D FISH) approach, we 
investigated whether, in addition to being simultaneously 
broken in a subset of DN2/DN3 thymocytes, the TCR loci 
also tend to be found in closer proximity to one another 
within the nucleus than to a control locus (actin), which 
could further predispose to interchromosomal ^^-re- 
arrangement. Fluorescently labeled probes for each TCR 
locus, as well as the (3-actin locus on chromosome 5 were 



hybridized to sorted DN2/DN3 thymocytes from WT and 
ATM—/— mice, and distances between loci were 
calculated (Figure 5A). 

For each cell analyzed, all inter-TCR (TCR(3-TCRy, 
TCR(3-TCR5 and TCRy-TCR5) as well as control 
(TCR(3-actin, TCRy-actin and TCR5-actin) distances 
between probes were calculated, and the average of the 
four calculated distances for each locus pair was used to 
represent the value for that individual cell. The average 
distance was then calculated for each interaction for WT 
and ATM—/— cells. No significant difference was detected 
between inter-TCR distances and distances between TCR 
loci and actin (Figure 5B). Furthermore, no significant 
differences were observed between WT and ATM—/— 
samples in any of these distances (Figure 5B). These 
results suggest that the three TCR loci are not localized 
closer to each other within the DN2/3 nucleus relative to 
other non-antigen receptor loci that do not participate in 
translocations and that ATM-deficiency does not alter the 
overall subnuclear proximity of TCR loci. 

Although ATM deficiency did not affect average dis- 
tances between TCR loci, it remained possible that 
ATM suppresses chromosomal translocations by select- 
ively preventing close-range interactions between loci 
when DSBs are present. To test this, we analyzed the fre- 
quency of DN2/3 cells with closest inter-TCR distances 
(<lum). We reasoned that if ATM was keeping the 
TCR loci spatially separated, ATM-/- DN2/3 cells 
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Figure 3. The 53BP1 foci are present at TCR loci in DN2/3 thymocytes. (A) DN2/3 thymocytes stained with anti-53BPl show foci marking sites of 
DNA DSBs. (B) The per cent of cells with 53BP1 foci is shown for WT, ATM-/-, Ragl-/- and ATM-/- Ragl-/- DN2/3 thymocytes. (C) 
Fluorescently labeled BAC probes for the TCRoc/5, TCR|3 and TCRy loci were hybridized to interphase DN2/3 cells in addition to 53BP1 staining. 
The 53BP1 foci are present at TCR loci. Three examples of cells with 53BP1 foci TCR loci are shown. Top: TCRy; Middle: TCRP; Bottom: 
TCRa//5. (D) The percentage of total DN2/3 thymocytes with TCR FISH signals co-localized with 53BP1 foci. More than 1000 cells were counted in 
three independent experiments. Statistical significance was determined using a student's two-tailed /-test. * J P<0.05, **P<0.01, ***/>< 0.001. 



might have a higher frequency of interactions within this 
close range. However, we found no significant difference 
between WT and ATM—/— cells as analyzed by Wilcoxon 
rank-sum statistical test (data not shown). 

Synaptic complexes form between TCRp and TCRy 
RSSs in vitro 

In addition to the differing length of spacers that direct 
pairing of rearranging RSSs (12/23 rule), there are add- 
itional features within the conserved heptamer and 
nonamer as well as within the coding flank of the gene 
segment that determine RAG-binding affinity, synaptic 
complex formation and consequently the compatibility 
of recombination partners (beyond 12/23 rule) (29,30). 
For instance, despite having compatible spacers, the 
TCR V(3 and J (3 genes never undergo rearrangement 
in vivo, whereas D(3 and J(3 do (30). It was, therefore, of 
interest to determine whether /raws-rearrangement could 
be mediated by direct interaction between TCR Dp and 
TCR Jy RSSs. We constructed artificial recombination 
substrates with the 3 / -D(31 23 RSS cloned upstream of 
two 12 RSSs derived from JP2.5, 5'-Dpl and Jyl genes 
(Figure 6A). When co-transfected with Ragl and Rag2 
into HEK 293 cells, two 12 RSSs compete for recombin- 
ation to the 23 RSS. We found that the 3'-D|31 23 RSS 
rearranges equally to the Jyl 12 RSS and the J(32.5 12 RSS 



(Figure 6B). Furthermore, the Jyl 12 RSS dominates re- 
arrangement compared with the 5'-Dpi 12 RSS (which 
does not frequently rearrange to the 3'-Dpi 23 RSS) 
similar to the JP2.5 12 RSS (Figure 6B). These data 
suggest that not only is synaptic complex formation 
possible between TCR Dp and TCR Jy RSSs but that it 
is also as efficient as with endogenously rearranging jp 
RSSs. The finding of RSS compatibility is consistent 
with the model that ^^-rearrangement, at least in part, 
may be driven by formation of synaptic complexes in trans 
between two different TCR loci in ATM—/— thymocytes. 

Jra/is-rearrangement occurs in 12/23 and non-12/23 pairs 
with equal frequency in vivo 

The observation that the frequency of ^^-recombin- 
ation is increased 10 000- to 100 000-fold by ATM defi- 
ciency, whereas the increase in persisting DNA damage 
foci is increased to a far lesser extent, suggested that 
ATM function may extend beyond the resolution of 
DNA breaks and break foci. We, therefore, explored the 
possibility that drafts-rearrangement might result from in- 
stability of post-cleavage cis synaptic complexes in the 
absence of ATM, allowing the broken DNA ends follow- 
ing RAG-mediated cleavage to fall out of the synaptic 
complex and undergo joining in trans (13). If this were 
the case, ^ra^-rearranged products would occur entirely 
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Figure 4. DNA damage foci occur at multiple TCR loci simultaneously in DN2/3 thymocytes. (A) ImmunoFISH analysis of 53BP1 focuses 
co-localization with TCR loci. A subset of DN2/3 thymocytes exhibits multiple 53BP1 foci, each co-localizing with a different TCR locus. (B) 
The percentage of total DN2/3 thymocytes with 53BP1 foci at multiple TCR loci. More than 1000 cells were counted in three independent experi- 
ments. Statistical significance was determined using a student's two-tailed /-test (*P<0.05, **P<0.01, < 0.001). j 1 analysis reveals that the 
observed frequency of simultaneous foci at multiple TCR loci is significantly greater than expected based on the frequency for each locus individually 
(shown as black horizontal bars, P< 0.0001). 



independent of the 12/23 rule, as no synaptic complex 
formation would be required between the rearranging 
RSSs in trans. To test this, we PCR amplified genomic 
DNA of WT and ATM-/- DN2/3 thymocytes for 
^^-rearrangements between Jyl and the 5'-end of D(31 
or multiple J(3 gene segments, all of which are flanked with 
12 RSSs (Table 1), as well as ^^-rearrangements between 
the 3'-end of Dpi, D(32 and Vy2 genes, all of which are 
flanked with 23 RSSs (Table 2). We readily detected such 
/^^-rearrangements in the WT and ATM—/— samples. 
The junctional sequences of these rearrangements 
resemble normal cis V(D)J junctions with N nucleotide 
additions and small deletions in the coding flank of both 
TCRp and TCRy genes (Tables 1 and 2). Interestingly, 
within the Jyl-jp amplifications, rearrangements were 



present both directly between Jyl and jp genes as well 
as between Jyl and the 5'-end of Dp, suggesting that 
/ra^-rearrangement can occur during attempted Dp-jp 
rearrangement as well as Vp-Dpjp rearrangement 
(Table 1). One sequence contained a large portion of the 
jpi.3 RSS at the Jy 1 —J (31.3 junction indicating off-target 
RAG cleavage activity. These 12/23 rule violations during 
/ra/^-rearrangement strongly suggest that these particular 
rearrangements occur without synaptic complex forma- 
tion in trans. 

It was important to determine whether 12/12 or 23/23 
/ra^-rearrangements are rare events relative to 12/23 
/ra/^-rearrangements, or whether these are frequent 
events that might reflect a common mechanism of trans- 
rearrangement that is independent of RAG-dependent 
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Figure 5. TCR loci are not in preferential spatial proximity in DN2/3 thymocytes. (A) Fluorescently labeled DNA probes for the TCRa/5, TCRp, 
TCRy and P-actin loci were hybridized to sorted interphase DN2/3 thymocytes, and distances between spots were calculated. (B) Average interlocus 
distances (in micrometer) are shown for WT and ATM—/— cells. Data are representative of three independent experiments in which 75-150 nuclei 
were scored for each genotype. Data were analyzed with a student's two-tailed /-test. 
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Figure 6. Synaptic complexes form between RSSs of TCRp and TCRy. (A) Artificial recombination substrates were constructed containing one 
23-bp RSS from Dpi oriented upstream of two 12-bp RSSs of various combinations. Each construct was transfected separately into HEK 293 cells 
along with Ragl and Rag2. (B) The recombined products from each construct were PCR amplified and run on a sieving agarose gel. The upper and 
lower bands represent rearrangements to the proximal and distal RSSs, respectively. 



drafts-synaptic requirements. To address this question, 
we used real-time PCR to compare the frequency of 
Jyl -J (32. 7 (12/12) drafts-rearrangements to Vy2-jp2.7 
(12/23) drafts-rearrangements in three WT and three 
ATM—/— genomic DNA samples purified from sorted 
DN2/DN3 thymocytes. A 20-cycle pre-amplification 
using either Jyl- or Vy2-specific forward primer and a 
reverse primer downstream of JP2.7 was required to 
improve the sensitivity of the assay. We quantified 
real-time PCR assays using a standard curve derived 
from serially diluted plasmids containing known copy 
numbers of either a Jyl -J (32. 7 drafts-rearrangement 
sequence or a Vy2-J(32.7 drafts-rearrangement sequence, 
and linear regression curve fitting (Figure 7 A and B). 
The qPCR values derived from the WT samples, where 
drafts-rearrangements are extremely rare, were below the 



linear portion of the standard curve and could not be 
included in the analysis. However, in the ATM—/— 
samples, we found the frequency of Jyl-jp2.7 drafts-re- 
arrangements to be similar to that of Vy2-jp2.7 drafts-re- 
arrangements when normalized to the standard curve 
(Figure 7C). This indicates that drafts-rearrangements 
violating the 12/23 rule occur as frequently as those that 
do not, supporting a model in which many drafts-re- 
arrangements occur due to instability of multiple, simul- 
taneous post-cleavage c/s-synaptic complexes rather than 
single drafts-synaptic complexes. 



DISCUSSION 

During the DN stage of T-cell development, recombin- 
ation occurs at three TCR loci: TCRp, TCRy and 
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Table 1. The 12/12 /^^-rearrangements between Jy and jp gene segments 



Jy1 



Jy1 



da 



Jyl 



N 



DP 



N 



Jp 



TTGTGAAAACCTGAGCTA 








CCGTGGACCCGGGAGGCTGTGTTCTGGAAA 


1.3 


TTGTGAAAACCTGAGCTA 








TCTGGAAA 


1.3 


TTGTGAAAACCTGA 








AAGATTATTTTTCGG 


1.4 


TTGTGAAAACCTGAGCTAT 








GTGCAGAAACGCTGTATTTT 


2.3 


TTGTGAAAACCTGAGCT 


CAAACACT 






AGTGCAGAAACGCTGTATTTT 


2.3 


TTGTGAAAACCTG 


T 






AGTCAAAACACCTTGTACTTT 


2.4 


TTGTGAAAGCCCGAGC 


CATAAAC 






TCAAAACACCTTGTACTTT 


2.4 


TTGTGAAAACCTGAGC 


CC 






AGTCAAAACACCTTGTACTTT 


2.4 


TTGTGAAAGCCCGAGCTAT 


GA 


GGGA 


GAGC 


GTCAAAACACCTTGTACTTT 


2.4 


TTGTGAAAACCTGAGCTA 


TCCCCCTT 






AGTCAAAACACCTTGTACTTT 


2.4 


TTGTGAAAACCTGAGC 


CAC 






CCAAGACACCCAGTACTTT 


2.5 


TTGTGAAAACCTGAGCTAT 


ATG 


TGGGGGGGGC 


CGT 


CAAGACACCCAGTACTTT 


2.5 


TTGTGAAAACCTGAGC 


CCCA 






TATGAACAGTACTTCGGTCCC 


2.7 


TTGTGAAAACCTGAGCTAT 


ATT 






CAGTACTTCGGTCCC 


2.7 


TTGTGAAAACCTGAGCTAT 


ACCC 


GGGG 


CTCG 


CCTATGAACAGTACTTCGGTCCC 


2.7 


TTGTGAAA 


GCCCGAGCTATA 






TCCTATGAACAGTACTTCGGTCCC 


2.7 



Junctional sequences of PCR amplified rearrangements between Jyl and various jp genes are shown. In all, 100 ng of genomic DNA isolated from 
WT (bold) or ATM—/— DN2/3 cells was used to PCR amplify 12/12 rearrangements using a reverse primer specific for the Jyl (GJ1R1) gene and a 
second reverse primer downstream of either the first (3Jblb) or second (3Jb2) jp clusters. PCR products were purified, cloned into a TA vector and 
sequenced using M13 universal sequencing primers. Identity of jp genes are shown in far right column. 



TCR5. In the present study, we show that DN thymocytes 
also participate in abnormal drafts-rearrangements 
between TCR loci, and that the frequency of these 
events is greatly increased in ATM-deficient mice. We 
have further assessed and provided insight into the mech- 
anism underlying these events and the function of ATM in 
resolution of RAG-dependent TCR breaks. Two funda- 
mentally different, but not mutually exclusive, mechan- 
isms may lead to TCR drafts-rearrangement. First, 
formation of a single synaptic complex between two com- 
patible RSS bound with RAG proteins on two different 
chromosomes in trans may result in coordinated cleavage 
and joining of two different loci resulting in a chromo- 
somal translocation. We tested the possibility of this 
mechanism directly with an in vitro recombination assay 
and found that at least some combinations of 
participating RSS from different loci can undergo recom- 
bination in vitro, which would be a prerequisite for 
synapsis and cleavage to occur in trans. A second 
possible mechanism is that drafts-rearrangements occur 
between simultaneously existing unstable DNA breaks at 
distinct TCR loci, formed in two traditional cis synaptic 
complexes, independent of any requirement for direct 



RAG-mediated synapse between these TCR loci. ATM, 
and several associated DDR components, has been 
reported to be important in physically stabilizing broken 
DNA ends in the post-cleavage synaptic complex to 
prevent improper joining of DNA ends, as evidenced by 
the presence of abnormal hybrid joints between the coding 
and signal ends of separate genes in ATM-deficient cells 
(13,14). Similarly, ATM has been implicated in directing 
the proper DNA end usage for repair when multiple DNA 
breaks are present simultaneously (31). Thus, it is possible 
that instability of two simultaneously formed post- 
cleavage complexes could result in drafts-rearrangements 
with precise junctions, but without the formation of a 
synaptic complex in trans. Our finding that there is no 
preference for 12/23 drafts-rearrangement over 12/12 or 
23/23 drafts-rearrangement is consistent with this mechan- 
ism, as no direct synapse would be formed between the 
drafts-recombining gene segments. The 12/23 rule viola- 
tions have been described at the IgH and IgK loci, but 
they are inefficient and occur at an extremely low fre- 
quency (32,33). Translocations violating the 12/23 rule 
have also been described using retroviral recombination 
substrates in ATM—/— abl-transformed pre-B cell lines 
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Table 2. The 23/23 Jra/w-rearrangements between Vy and Dp gene segments 







up 1 


TACTGTTCCTACGGC 


TAAAT 


CTGTCCC 


TACTACTGTTCC 


CA 


CCCCTGTCCC 


TACTGTTTCTACGGC 


TCCCGT 


CCCTGTCCC 


TACTGTTCCTACGG 


GAA 


CCCTGTCCC 


TACTGTTCCTACGGC 


TAAATG 


GCCCCC 


TACTACTGTTCCTACGGC 


TAAACGGCA 


GTCCC 


TACTACTGTTCCTACG 


GACA 


CCCTGTCCC 


xyz 


IV 
f> 


upz 


TACTGTTCCTACGGC 


TAAAAAT 


CCCCCAGTCCC 


TACTGTTCCTACGG 


G 


GCCCCCCCAGTCCC 


TACTGTTCCTACGGC 


TAAAGTTTTGGAT 


GCCCCCCCAGTCC 


TACTGTTCCTACGGC 


TAAT 


CCCCCCCAGTCCC 


TACTGTTCCTACGGC 




CCAGTCCC 


TACTGTTCCTACGGC 


TAAGCA 


CCCCCCAGTCCC 


TACTGTTCCTACGGC 


TAGGGGA 


CCCCCCCAGTCCC 


TACTGTTCCTACGGC 


TAAAAAT 


CCCCCAGTCCC 


TACTGTTCCTACGGC 


TAAAGGAAGTTTAGGAA 


CCCCAGTCCC 


TACTGTTCCTACGGC 


TAAACAT 


CCCCCAGTCCC 


TACTGTTCCTACGGC 


TAGGGGAC 


CCCCCCCAGTCCC 


TACTGTTCCTACGGC 


TACT 


GCCCCCCCCAGTCCC 


TACTGTTCCTACGGC 


TT 


GCCCCCCCAGTCCC 


TACTGTTCCTACG 


TAAGGC 


CCCCCCAGTCCC 


TACTGTTCCTACGGC 


TACCGGC 


CCCCAGTCCC 



Vy2 



Vy2 



Junctional sequences of PCR amplified rearrangements between Vy2 and the 3'-end of Dpi or Dp2 are shown. In all, 100 ng of genomic DNA 
isolated from WT (bold) or ATM—/— DN2/3 cells was used to PCR amplify 23/23 rearrangements using a forward primer specific for theVy2 gene 
(GV4F1) and a second forward primer upstream of either Dpi (5DMSE) or Dp2 (5Db2SE). PCR products were purified, cloned into a TA vector 
and sequenced using M13 universal sequencing primers. 



(34). The drafts-rearrangements we have observed in vio- 
lation of the 12/23 rule also seem to have joints with 
features of normal cis V(D)J rearrangements, such as N 
nucleotide additions and small deletions in the coding 
ends, and occur at a frequency similar to that of trans- 
rearrangements that obey the 12/23 rule. This suggests 
that drafts-rearrangements with normal features can be 
formed without the dependence on bona fide trans- 
synaptic complex formation. Although we cannot rule 
out that some 12/23 drafts-rearrangements may occur via 
synaptic complexes in trans between two chromosomes, 
we suggest that the marked instability of post-cleavage 
synaptic complexes, combined with an increased fre- 
quency of simultaneous breaks, is largely responsible for 
the dramatically elevated frequency of ^/^-rearrange- 
ment in ATM deficiency. 

TCR drafts-rearrangement has been studied previously 
in humans and mice as a consequence of genomic instabil- 
ity in multiple contexts (10-12,35,36). Patients with AT 
have an increased frequency of drafts-rearrangements in 



their peripheral T cells compared with normal individuals 
(10,11). Healthy agricultural workers, exposed to certain 
genotoxic chemicals, also carry a significantly higher fre- 
quency of drafts-rearrangements than unexposed individ- 
uals (35). To the same effect, it has been found that 
irradiation drastically increases the rate of drafts-re- 
arrangement in SCID mice, who have a genetic defect in 
DNA end-joining (36). 7rafts-rearrangements are chromo- 
somal translocations that have been identified in human 
lymphoid malignancies (37) and presumably occur 
through a similar mechanism to other oncogenic trans- 
locations. Indeed, it has been proposed that perhaps all 
antigen receptor locus-associated oncogenic translocations 
are the result of aberrant V(D)J recombination and/or 
class switch recombination and somatic hypermutation 
(38). Therefore, we chose to study drafts-rearrangement 
between three recombining TCR loci as a model of 
chromosomal translocations in ATM-deficient mice. 
TCR drafts-rearrangements offer the advantage over 
random chromosome translocations of occurring at high 
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Figure 7. The 12/12 and 12/23 ^ra^-rearrangements occur at a similar frequency in DN2/DN3 thymocytes real-time PCR analysis of Jyl-jp2.7 (A) 
or Vy2-jp2.7 (B) /ra/w-rearrangements. Pre-amplified genomic DNA from DN2/DN3 thymocytes of ATM—/— mice was used as a template, and 
experimental values were fitted to a standard curve of 10-fold serially diluted constructs containing /raws-rearrangement sequences. (C) The number 
of molecules corresponding to each individual sample was calculated using linear regression analysis and averaged for both Jyl-J|32.7 and Vy2-J|32.7 
/ra/is-rearrangements. Each DNA sample was obtained from a pool of five to seven individual mice. 



frequency (>1%) in a known cell type and developmental 
stage (DN2/3 thymocytes) with well-defined breakpoints 
that are easily detectable by PCR. 

Spatial proximity and temporal coincidence of DNA 
DSBs are thought to be the two major factors contributing 
to recurrent chromosomal translocations, but the relative 
importance of each factor remains controversial. The ar- 
rangement of chromosomes within the interphase nuclei of 
specific cell types is non-random, in that certain chromo- 
somes tend to occupy distinct subnuclear territories (39). 
Thus, genes on different chromosomes could have a pref- 
erential spatial proximity in the nucleus that might predis- 
pose them to translocation if simultaneously broken 
(27,28,40). In our study, we used ImmunoFISH to 
evaluate the frequency of simultaneous DNA DSB foci 
in DN2/3 thymocytes at multiple TCR loci and 3D 
FISH to measure the physical distances between TCR 
loci to assess the contribution of DSB formation and 
spatial proximity to ^ra^-rearrangement. We analyzed 
co-localization of 53BP1 with the TCR loci to estimate 
the frequency of cells rearranging a given locus at a par- 
ticular time. We found that the frequency of total DN2/3 
thymocytes with simultaneous break foci at multiple loci is 
increased 2- to 3-fold for each locus combination in 
ATM—/— mice. This phenotype is consistent with a 
defect in the timely repair of DNA damage in the 
absence of ATM, which results in persistent DNA 



breaks (22,24,41) and a higher frequency of cells with 
53BP1 foci. An alternative interpretation of these results 
would be that there is a delay in disassembly of 53BP1 foci 
in the absence of ATM rather than a delay in DNA break 
repair. This interpretation, however, is inconsistent with a 
previous report showing that persistence of DNA damage 
foci in ATM-deficient cells correlates with persistence of 
damaged DNA (25). 

The 2- to 3 -fold increase in the frequency of simultan- 
eous DSB at multiple TCR loci in the absence of ATM 
does not fully predict the dramatically (10 000- to 100 000- 
fold) higher frequency of ^^-rearrangements. A factor 
that could potentially contribute to the frequency of trans- 
rearrangement would be preferential co-localization of 
TCR loci in the interphase nucleus, where rearrangement 
is taking place. However, our 3D FISH analysis revealed 
no detectable difference in the average distance between 
the TCR loci in WT and ATM—/— cells. Furthermore, the 
inter-TCR distances were not significantly closer than dis- 
tances between TCR loci and the (3-actin locus, which does 
not rearrange or participate in known translocations. 
These data suggest that the TCR loci in the interphase 
nucleus of DN2/3 cells are not in preferential proximity 
to each other relative to the actin control, and that the 
absence of ATM does not substantially alter subnuclear 
proximity of the rearranging TCR loci relative to each 
other. 
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Two recent studies have provided insight into the 
relative contributions of DNA damage and spatial prox- 
imity to chromosomal translocations (42,43). When trans- 
locations occur due to low-frequency random DNA 
DSBs, targeting is proportional to the spatial proximity 
of the rearranging loci. In contrast, DNA DSBs induced at 
high frequencies by developmentally programmed mech- 
anisms, such as V(D)J recombination (43) or 
AID-associated mutations (42), dictate translocations pre- 
dominantly to antigen receptor loci where the most DNA 
damage occurs. TCR ^^-rearrangement in DN2/3 
thymocytes clearly falls into the latter category as we dem- 
onstrate that the RAG proteins induce simultaneous 
DNA DSB foci at TCR loci, which can undergo low-fre- 
quency ^ra/19-rearrangement, even in WT cells. We have 
found no evidence of translocations other than those ex- 
plained by TCR ^ra/is-rearrangement in WT thymocytes. 
Although the frequency of ^^-rearrangement increases 
drastically in ATM—/— cells, there is no increase in prox- 
imity between TCR loci, consistent with the notion that 
elevated translocation targeting between the TCR loci is 
due to increased DNA damage (as a consequence of 
delayed DSB repair and defective DNA end stability) as 
opposed to altered subnuclear localization. This conclu- 
sion differs from another recent report, proposing that 
ATM plays a role in maintaining allele separation 
during immunoglobulin locus recombination in pre-pro 
B cells (16). We find no evidence for a role of ATM in 
enforcing a general spatial separation of TCR loci in 
DN2/3 thymocytes, nor in the specific prevention of 
close spatial interactions of <l|iM, despite the observa- 
tion that such ^^-rearrangements create heterologous 
interchromosomal translocations. Another DDR protein, 
53BP1, has also been implicated in large-scale chromo- 
some organization during V(D)J recombination (44) and 
class switch recombination (45) raising the possibility that 
the DDR pathway in general contributes to the shape and 
organization of the interphase nucleochromatin. However, 
our data show that whatever this contribution may be, 
the most critical function of ATM in suppressing 
chromosomal translocations during V(D)J recombination 
is to prevent prolonged unrepaired DNA damage and to 
maintain the physical stability of the post-cleavage 
synaptic complex regardless of their overall position in 
the nucleus. 
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